The neutrino minimal Standard Model (νMSM) is the minimum extension of the standard model.
Ref. [23, 24] consider the non-thermal decay production via a singlet scalar. Furthermore, the singlet scalar can improve the electroweak vacuum stability or the Higgs inflation as well as the dark matter sectors.
In this paper, we do not mention the theoretical merits of the singlet scalar in the νMSM such as the electroweak vacuum stability [28, 29] , the Higgs inflation [30] and the scale invariance [31] , although we are motivated by these theoretical aspects, we concentrate on estimating the scale of the singlet scalar to improve the dark matter sectors and the leptogenesis scenarios. We discuss various thermal freeze-in production scenarios of the keV-MeV sterile neutrino in the extended νMSM with a singlet scalar. Especially, we revisit the Lyman-α bounds and the X-rays constraints and show that the singlet scalar cannot be heavier than TeV scale. We also show thermal freeze-in leptogenesis scenarios, which is able to produce the lepton asymmetry more than the thermal leptogenesis due to the contribution of the singlet scalar. In the leptogenesis scenarios, the singlet scalar need to be lighter than 1 TeV in order to generate the observed baryon asymmetry. This paper is organized as follows. In section II, we review the scalar singlet extension of the νMSM. In section III, we consider the two thermal freeze-in scenarios utilizing a thermal or a non-thermal singlet scalar. In section IV, we review the X-rays constraints and the lifetime bounds of the sterile neutrino dark matter. In section V, we investigate the free streaming horizon and the Lyman-α constraints in our scenarios. In section VI, we discuss the thermal freeze-in leptogenesis with the singlet scalar. Section VII is devoted for discussion and conclusions.
II. THE SCALAR SINGLET EXTENSIONS OF THE νMSM
In this section, we review the extended νMSM which contains three right-handed sterile neutrinos N a (a = 1, 2, 3) and one real singlet scalar S 2 . In this model, the vacuum expectation value (VEV) of S generates Majorana mass M a of the right-handed neutrino N a . The Lagrangian is given as follows,
2 If you think a complex singlet scalar instead of a real singlet scalar, breaking a global lepton number U (1) L which is unavoidable to construct Majorana mass M a cause the light Nambu-Goldstone bosons.
The presence of such light bosons would make the sterile neutrinos unstable, and they could decay into other particles. It is not desirable to construct sterile neutrino dark matter model. v, where v = 247 GeV, S = f , S = s + S , the right-handed neutrinos acquire Majorana masses M a = κ a S .
Without loss of generality, we can choose the mass basis where the Majorana mass term is diagonal. The Lagrangian is written as the following,
The Higgs portal coupling λ induces the doublet-singlet mixing. In this paper, we consider the TeV scale singlet scalar which decays into the sterile neutrino DM and the heavy Majorana neutrinos. Therefore, there is essentially no constraint on coupling λ. The size of coupling λ still affects the thermal history of s. The references [22, 35] show that s is out of the thermal equilibrium if the Higgs portal coupling satisfies λ 10 −6 . In this paper, we assume that the singlet scalar is out of thermal equilibrium for λ 10 −6 and concentrate on the thermal freeze-in production mechanism 3 .
III. THE STERILE NEUTRINO DARK MATTER BY THE THERMAL FREEZE-IN PRODUCTION MECHANISM
In this section, we consider various production scenarios of the sterile neutrino DM in the extended νMSM with the singlet scalar. The sterile neutrino could be produced by thermal freeze-out, thermal freeze-in and non-thermal decay. Those scenarios also depend on whether the singlet scalar is generated by freeze-out or freeze-in. In addition, the Dodelson-Widrow mechanism via active-sterile oscillations can produce the sterile neutrino.
It is possible to restrict these scenarios from the mass relation of the seesaw mechanism.
For simplicity, we assume the lightest right-handed neutrino N 1 is the sterile neutrino DM, and the mass is about 10 keV. We will see later the sterile neutrino with mass above 1 MeV is not favored by X-rays constraints and the lifetime bounds. The Yukawa coupling of the singlet scalar and the right-handed neutrino are κ 1 ≈ 10 −8 and the vacuum expectation value of the singlet scalar is S ≈ 1 TeV, then the following relations are derived from the seesaw mechanism.
The Yukawa couplings y, κ 1 are very small y ≈ 10 −10 and κ 1 ≈ 10 −8 . If the reheating temperature T RE satisfies T RE 10 16 GeV, the sterile neutrino DM does not come into the thermal equilibrium for κ 1 10 −6 [36, 37] . Therefore, we may regard the sterile neutrino DM as non-thermal particles in the early universe. In such case, we find only two realistic dark matter scenarios to realize the keV-MeV sterile neutrino described in the following.
3 If singlet scalar is not directly produced from inflatons and the reheating temperature is low enough, the singlet scalar can be out of thermal equilibrium even if λ > 10
We describe the evolution of the relic density Y N 1 and Y s as the temperature T decreases.
The three freeze-in production process are shown on FIG.1(a), 1(b) and 1(c). The sterile neutrino is generated by the thermal freeze-in mechanism from the Higgs boson (FIG.1(a) ), by the thermal freeze-in production from singlet scalar (FIG.1(b) ), by thermal freeze-in production and the nonthermal singlet scalar decays into the sterile neutrino (FIG.1(c) ).
A. The singlet scalar enter into thermal equilibrium
If the Higgs portal coupling is relatively large λ > 10 −6 , the singlet scalar s enter into thermal equilibrium and the sterile neutrino DM can be produced by the thermal freeze-in mechanism of s. In addition, h couples to N 1 ν with suppressed coupling, and after the EW symmetry breaking, there are small mixing between ν L and s. To check the effect we consider h → ν e N 1 contribution as well. The production from the singlet scalar has been considered in Ref. [21, 22] . The thermal freeze-in production is caused by the Yukawa interaction of s and N 1 or h and N 1 . In our assumption m s m h , as the universe is expanding, the temperature becomes low, s disappears first. The Higgs boson h however, is still in thermal equilibrium and the freeze-in production by h is effective until T ∼ m h . The dark matter relic density can be calculated by solving the Boltzmann equations. In this scenario, the relevant Boltzmann equations for Y N 1 = n N 1 /s are given as follows,
where
In FIG.1(a), FIG.1(b) and FIG.1(c) , we show numerically the evolution of the sterile neutrino relic density Y N 1 and the singlet scalar Y s for various thermal freeze-in mechanisms, the sterile neutrino DM are generated by the thermal freeze-in production from h in FIG.1(a) , the thermal freeze-in production from s in FIG.1(b) , the non-thermal decay production from s in FIG.1(c) .
Now, Y N 1 is obtained from the following calculation. The Boltzmann equation for the sterile neutrino number density n N 1 involving s is written as the following,
We assume that the initial abundance of the sterile neutrino can be neglected and the singlet scalar enters into thermal equilibrium,
The sterile neutrino abundance
can be obtained from the entropy density s = h eff T 3 and the abundance of N 1 is written as the following,
Similarly, h also produces N 1 as the following
where m pl = 1.22 × 10 19 GeV is the planck mass, g eff and h eff are the effective degrees of freedom for energy and entropy, K n (x) is the modified Bessel functions of the second kind, while the equilibrium abundances Y eq s,h are expressed as
and the partial decay width of h into N 1 ν e is given as
For the estimates of the relic density, we analytically integrate the relevant Boltzmann equations. The relic density at the today temperature
where we assume the effective degrees of freedom as h eff ≈ g eff ≈ 100. The sterile neutrino DM relic density in the thermal freeze-in mechanism can be obtained as the following,
The observed DM relic density for Planck+WP [38] is estimated as
The mass of the sterile neutrino to explain the observed DM relic density is m Similarly, we integrate the Boltzmann equations of thermal freeze-in production via h.
and the relic density of N 1 is given by 
In the keV-MeV sterile neutrino DM, this contribution in Eq. (25) is larger than the thermal freeze-in production of h in Eq. (24) . Although, there are additional contributions from Z-bosons or W-bosons decay due to the neutrino mixing of the same order of Eq. (24), we can safely ignore them in the mass region. Altogether, the total sterile neutrino DM relic density is given by
When the mass and the VEV of singlet scalar are near 1 TeV order, the thermal freeze-in mechanism of the singlet scalar dominate the keV-MeV sterile neutrino production. 
B. The singlet scalar is out of thermal equilibrium
In this case λ 10 −6 , both s and N 1 never entered into thermal equilibrium in the early universe. The sterile neutrino DM is generated from thermal freeze-in production of h. The singlet scalar s is also be generated by the thermal freeze-in production and decay efficiently into N 1 . In this section, we assume m s m N 2,3 , so that s cannot decay into N 2 and N 3 .
To calculate the relic density of the sterile neutrino, we have to solve the Boltzmann equations given by the following two interrelated equations,
The standard model particles in thermal equilibrium can annihilate into singlet scalars.
For simplicity, we concentrate on the thermal Higgs annihilation as the dominant production mechanism of singlet scalar and ignore the other standard model effects. The Boltzmann equations of the annihilation process can be expressed as follows,
We integrate Eq. (27) to estimate the abundance of the sterile neutrino Y N 1 . There are no initial abundance (Y s (T RE ) = 0) and no final abundance (Y s (T 0 ) = 0), and therefore, the following equation can be obtained,
The relic density of sterile neutrino at the today's temperature can be obtained by Eq. (29) and Eq. (30),
Therefore, the abundance at the today temperature Y N 1 (T 0 ) is given as the following,
The sterile neutrino DM relic density in the non-thermal decay mechanism is obtained as the following, In this scenario, the Dodelson-Widrow mechanism can also produce the sterile neutrino DM. Therefore, the total relic density is obtained as the following
The relic density formula depends on the Higgs portal coupling λ. The coupling λ is bounded as λ < 10 −6 so that s does not come into thermal equilibrium. Therefore, s can not be much larger than TeV scale in order to produce the keV-MeV sterile neutrino dark matter by non-thermal decay production mechanism.
IV. THE X-RAYS CONSTRAINTS AND THE LIFETIME BOUNDS OF STERILE NEUTRINO DARK MATTER
In this section, we will review the X-rays bounds and the lifetime bounds of sterile neutrino DM. At first, the sterile neutrino can decay into standard model particles through active-sterile neutrino mixings. In the keV-MeV mass range, the sterile neutrino decays mainly into three active neutrinos [40] [41] [42] . For the three-neutrino decay channel, the decay life time is expressed as
Their lifetime must be longer than age ofour universe age (10 17 sec) in order to be a dark matter, which constrains the mixing angles and the sterile neutrino mass as follows,
When the sterile neutrino constitutes the dark matter , their radiative decay (N 1 → γ ν)
would lead to the cosmic X-ray background. We have not seen such X-rays excess except for the recent observation of the 3.5 keV signal [43, 44] in galactic clusters. This puts an upper limit to neutrino mixing angles for a given sterile neutrino mass. From the diffuse X-ray background observations XMM-Newton [45, 46] and HEAO-1 [47] , the authors of Ref. [48] obtain the simple empirical formula,
The XMM-Newton observations of the Virgo and Coma galaxy clusters present the more stringent constraints [49] ,
The more precise X-rays constraints have been reported in Ref. [19] . Note that these bounds are given for the sterile neutrino DM which explains the current dark matter density. If the sterile neutrino DM is a partial dark mater, the X-rays bounds become weaker.
V. THE FREE STREAMING HORIZON AND THE LYMAN-α CONSTRAINTS
Recent observations such as WMAP and Planck mission have proven that the ΛCDM, which contains cold dark matter is an extremely successful cosmological model [38] . However the ΛCDM can not solve the small scale crisis including the missing satellite problem and the cuspy halo problem. The warm dark matter (WDM), which has adequate free streaming horizon and suppresses the structure of dwarf galaxies size may solve the problem. The upper bound of the free streaming scale of WDM is obtained from the observed Lyman-α forest which is the Lyman-α absorption lines by intergalactic neutral hydrogen in the spectra of distant quasars and galaxies.
The free streaming horizon is a travel distance of the DM particle and a good measure to classify CDM, WDM and HDM. The free streaming horizon is given as the following,
Where t in is the DM production time, t 0 is the current time, v (t) is the thermal average velocity of the DM particles, and a(t) is the scale factor. In this paper, we assume that the free streaming scale of CDM, WDM and HDM satisfy λ F S < 0.01 Mpc, 0.01 Mpc < λ FS < 0.1 Mpc, 0.1 Mpc < λ FS . It is not an accurate definition, but they give an useful criteria of the thermal property. Note that HDM is excluded by the observations of Lyman-α forest.
We now consider the thermal average velocity v (t) of the sterile neutrino DM N 1 in order to decide the free streaming horizon. We define t nr which is the time when N 1 becomes non-relativistic by the equality p (t nr ) = m N 1 and the approximate thermal average velocity v (t) is given as the following,
The non-relativistic thermal velocity is expressed by thermal average momentum, which can be extracted from the distribution function f (p). It depends on the DM production mechanism. In this section, we will consider the thermal average momentum and the free streaming horizon in thermal freeze-in mechanism of singlet scalar, the Dodelson-Widrow mechanism and the non-thermal singlet scalar. Finally, we show the Lyman-α constraints and allowed parameter region on the each production mechanisms.
For thermal freeze-in mechanism via singlet scalar boson, the momentum distribution of sterile neutrino DM [50, 51] is given by
The normalization factor β is determined by the Yukawa coupling κ and the mass of singlet scalar m s , and then, β ∝ κ 2 m −1
s . The thermal average momentum p (t) can be calculated by
This thermal average momentum p (t) leads to the thermal average velocity v (t) ,
The time when DM particles become non-relativistic is t 1/2 nr ≈ 2.45
sec. The free streaming horizon is calculated by
To obtain the last line, we neglect the third and the last term of the third line.
In this production mechanism, the DM is produced at high temperature T 1 TeV and the entropy dilution affects the free streaming horizon. The effect of the entropy dilution can be estimated by the factor ξ −1/3 which is given by Now we assume that both s and N 1 contribute to the effective number of freedom and ignore the other heavy right-handed neutrinos N 2 and N 3 . It's not accurate expression of the entropy dilution factor, but the numerical difference is very tiny [23, 24] . Taking the entropy dilution into account and using conversion factor c = 10 −14 (Mpc/sec), the final expression is given by
The Lyman-α bounds and HDM regions are given by
The region of WDM sterile neutrino can be obtained 1.57 keV < m N 1 < 20.5 keV.
In FIG.4 , we show the X-rays bounds, HDM, WDM and CDM regions for the thermal freeze-in production mechanism by the singlet scalar. In this figure, we assume that m s is larger than m h = 125 GeV and smaller than S = 1, 100 TeV to evade non-perturbative effects. The DW dominant region shows that the sterile neutrino by the DW mechanism is larger than 1% of the total DM. When the scale of singlet scalar becomes higher, the produced sterile neutrino becomes colder but the scenario suffers from the X-rays constraints.
The scale related with the singlet scalar is about 1 TeV to regard the sterile neutrino as a warm dark matter candidate. This production mechanism produces the cool sterile neutrino and does not come into conflict with the Lyman-α bounds and the X-rays constraints.
B. The non-thermal decay production mechanism from the singlet scalar
If the Higgs portal coupling is small and the single scalar is out of thermal equilibrium, it decays into the sterile neutrino. The free streaming horizon has been considered in [23, 24] .
The momentum distribution of sterile neutrino DM is given as the following [52] [53] [54] [55] .
β is the normalization factor and the DM temperature is
. The thermal average momentum is given as the following.
From the above result, thermal average velocity is expressed as,
Now, we assume that the production time is t in = t f e + τ , the freeze-in time of s is t in sec and the matter-radiation equal time is t eq = 1.9 × 10 11 sec. We estimate the free streaming horizon of the DM sterile neutrino by using this formula
For m s = 1 TeV and κ 1 = 10 −8 , the bound of Lyman-α and HDM region are obtained as 
The WDM sterile neutrino mass can be obtained as the following 64.2 keV < m N 1 < 840 keV.
Therefore, in this scenario, the singlet scalar can not be heavier than TeV scale 4 .
In shows in portal coupling λ = 10 −6.4 , 10 −6.7 , 10 −7 and singlet scalar mass m s = 100 TeV.
When the mass of the singlet scalar becomes larger, the produced sterile neutrino becomes warmer and this scenario suffers from the Lyman-α bounds.
C. The sterile neutrino DM production mechanism in the νMSM
In the νMSM, the sterile neutrino dark matter can be generated by the thermal freeze-in production mechanism via Higgs boson or the Dodelson-Widrow mechanism. The thermal freeze-in mechanism via Higgs boson has the free streaming horizon as small as that of the sterile neutrino DM via the freeze-in production form. However, this production mechanism comes into conflict with life time bounds and X-rays of bounds (see FIG.6(a) ).
In the Dodelson-Widrow mechanism, the sterile neutrino is produced from the thermal background of active neutrino via coherent scattering. Therefore, the momentum obeys thermal distribution of the Fermi-Dirac type [14] .
where p denotes the comoving momentum of N 1 and β ∝ θ 2 M 1 . For the thermalized sterile neutrino, the thermal average momentum p (t) can be given by,
The thermally produced sterile neutrino has the relation p /3.15T ≈ 1, but DW mechanism produce the sterile neutrino distribution cooler than thermal background p /3.15T ≈ 0.9.
The free streaming horizon of the sterile neutrino DM is given by the thermal average
The observations of Lyman-α forest lead to the severe restriction on the DW mechanism m N 1 > 10 keV [56, 57] . This limit is in conflict with the X-ray bounds (see FIG.6(b) ) and the DW mechanism scenario is excluded.
If the lepton asymmetry is relatively large in the early universe, the thermal production of sterile neutrinos can be enhanced by MSW effect (Shi-Fuller mechanism). The Shi-Fuller mechanism lead to the colder thermal distribution p /3.15T ≈ 0.6. The Shi-Fuller production mechanism can evade this bounds although it needs to the relative large lepton asymmetry. In conclusion, thermal background production such as DW is severely constrained due to the large free streaming scale and X-rays bounds. It should be emphasized that the νMSM fails perfectly in the dark matter sector because the sterile neutrino dark matter can't be generated by DW nor thermal freeze-in production by Higgs boson. Therefore, we have to extend νMSM and consider another DM production scenarios.
VI. THE THERMAL FREEZE-IN LEPTOGENESIS FROM THE SINGLET SCALAR
In this section, we discuss leptogenesis scenarios with the thermal freeze-in production mechanism. In this scenario, we assume that heavy Majorana neutrinos are generated from thermal freeze-in production or non-thermal decay production of the singlet scalar.
The produced Majorana neutrinos generate the lepton asymmetry. The produced lepton asymmetry is transferred into the baryon asymmetry by non-perturbative electroweak effects (Sphaleron). We assume that N 1 becomes the sterile neutrino DM and does not affect the leptogenesis scenarios, while N 2 and N 3 satisfy T EW < M 2 < M 3 .
In our model, the Majorana masses are around TeV scale, but TeV scale leptogenesis comes into conflict with the Davidson-Ibarra bound [58] which constraints Majorana masses M 2 > 10 9 GeV. It is possible to escape this lower bound when the mass difference between N 2 and N 3 is order of their decay width, In that case, resonant leptogenesis can occur [59, 60] .
The resonant CP asymmetry is obtained as the following,
The ε -type CP violation is obtained from the vertex contribution,
where Γ N i is the tree-level decay width and f (x) is the loop function as the following,
In the degenerate heavy Majorna neutrino mass limit (m N 2 ≈ m N 3 ), the CP violation ε 2 cancels against CP violation ε 3 and no net CP violation can be obtained from the vertex contribution.
The ε-type CP violation arises from the self-energy contribution.
In the limit (m N 2 ≈ m N 3 ), ε-type CP violation ε i dominates over ε i . Furthermore, ε 2 and ε 3 have the same sign. In the limit m N 2 ≈ m N 3 , the total CP asymmetry involving N 2 contribution is given by,
In order to generate the O(1) lepton asymmetry, it is necessary to satisfy following two conditions [59] ,
when we assume that In thermal leptogensis, the right-handed neutrino abundance Y N 2 and the lepton asymmetry Y ∆L are written by the following two Boltzmann equations,
The scattering term S describes the ∆L = 1 scattering effects, but we neglect this contribution for simplicity. The decay and washout terms are expressed as the following,
The equilibrium abundances of Majorana neutrinos and leptons are given by,
The analytical solution for the lepton asymmetry Y ∆L is given by the following formula [61] [62] [63] ,
We assume that there is no preexisting lepton asymmetry Y ∆L (T RE ) = 0 and neglect the washout term,
In general, heavy Majorana neutrinos come into thermal equilibrium. The initial abundance is given by the thermal equilibrium abundance
0.004 and the lepton asymmetry can be approximately given by Y ∆L (T 0 ) 0.004 2 . If we take care of washout effects, the exact final lepton asymmetry can be obtained as the followings [63] ,
In this section, we consider two thermal freeze-in leptogenesis scenarios from the singlet scalar.
A. From the singlet scalar enter into thermal equilibrium
In this subsection, we will discuss new leptogenesis scenario where the singlet scalar comes into thermal equilibrium and the Majorana neutrinos are generated by the thermal freeze-in mechanism of the scalar singlet. In this scenarios, the Higgs portal coupling has to be relatively large λ > 10 −6 and the Yukawa coupling needs to be small κ 2 < 10 −6 . The relevant Boltzmann equations are given by the following formula,
The relevant terms are given by
We can write down the analytical solution of the lepton asymmetry Y ∆L ,
We assume that the Majorana neutrinos and the initial lepton asymmetry are zero Y N 1,2,3 = Y ∆L (T RE ) = 0 and neglect the washout term in Eq.(81),
Finally, we will analytically integrate Eq.(83) from T 0 = 0 to T RE = ∞ as the estimate of the lepton asymmetry,
The ( 
Therefore, the final baryon abundance is given by 
From the BBN results, the observed baryon abundance is given by
From the CMB measurements, the observed baryon abundance is given by 
FIG. 7. These figure show the relations with the lepton asymmetry, CP asymmetry factor 2 and Yukawa coupling κ 2 . Yukawa coupling has to be smaller κ 2 < 10 −6 , otherwise sterile neutrino enter thermal equilibrium.
Therefore thee mass of the singlet scalar cannot be larger than 1 TeV in order to produce the observed amount of baryon asymmetry. In section III A, we discuss the thermal freeze-in production of the keV-MeV sterile neutrino DM and conclude that the singlet scalar should not be heavier than TeV scale. However, the mass of the scalar singlet that achieve the leptogenesis is more severely restricted than dark matter scenarios 5 .
B. The singlet scalar is out of the thermal equilibrium
When the Higgs portal coupling is small λ 10 −6 and both s and N 2,3 do not exist in the early Universe, they do not come into thermal equilibrium. The singlet scalar is produced from thermal freeze-in production by the Yukawa interaction and decay efficiently into Majorana neutrinos N 2,3 which generate net lepton asymmetry. In this scenario, we have to solve the following Boltzmann equations in order to get these abundance.
The relevant term in the annihilation process can be expressed as,
The singlet scalar decays into the right-handed neutrino, the decay term is given by,
We integrate Eq.(90) to estimate the abundance of right handed neutrinos Y N 2 ,
The initial abundance Y s (T RE ) and the final abundance Y s (T 0 ) are zero, and then the following equation is obtained,
The lepton asymmetry Y ∆L at today temperature is obtained as the following, 
The final baryon asymmetry is expressed as, We consider an extended νMSM with one additional singlet scalar. The existence of the singlet scalar improves the dark matter and leptogenesis tensions in the νMSM through the thermal freeze-in production mechanism. In this model, there are two scenarios for thermal properties of the singlet scalar. If the Higgs portal coupling is relatively large so that the singlet scalar enters into thermal equilibrium, the sterile neutrino and the heavy Majorana neutrinos are produced by the thermal freeze-in production. If the Higgs portal coupling is much small and the singlet scalar is out of thermal equilibrium, the single scalar is produced by thermal freeze-in production. Then, the sterile neutrino and the heavy Majorana neutrinos are generated by the non-thermal decay production of the singlet scalar. In these scenarios, the sterile neutrino can evade the Lyman-α bounds and the X-ray constraints.
We found the latter scenario more strongly restricted from the Lyman-α bounds. In this model, the singlet scalar needs to be lower than 100 TeV to produce the keV-MeV sterile neutrino DM. The thermal freeze-in leptogenesis scenarios restrict severely the singlet scalar mass less than 1 TeV to generate the observed baryon asymmetry. Namely, in the extended νMSM with a singlet scalar, the singlet scalar needs to be TeV scale in order to generate the observed abundance of dark matter or baryon asymmetry with the thermal freeze-in production mechanism.
